We report on a conformational transition of dengue virus when changing the temperature from that present in its mosquito vectors to that of its human host. Using cryoelectron microscopy, we show that although the virus has a smooth surface, a diameter of ∼500 Å, and little exposed membrane at room temperature, the virions have a bumpy appearance with a diameter of ∼550 Å and some exposed membrane at 37°C. The bumpy structure at 37°C was found to be similar to the previously predicted structure of an intermediate between the smooth mature and fusogenic forms. As humans have a body temperature of 37°C, the bumpy form of the virus would be the form present in humans. Thus, optimal dengue virus vaccines should induce antibodies that preferentially recognize epitopes exposed on the bumpy form of the virus.
We report on a conformational transition of dengue virus when changing the temperature from that present in its mosquito vectors to that of its human host. Using cryoelectron microscopy, we show that although the virus has a smooth surface, a diameter of ∼500 Å, and little exposed membrane at room temperature, the virions have a bumpy appearance with a diameter of ∼550 Å and some exposed membrane at 37°C. The bumpy structure at 37°C was found to be similar to the previously predicted structure of an intermediate between the smooth mature and fusogenic forms. As humans have a body temperature of 37°C, the bumpy form of the virus would be the form present in humans. Thus, optimal dengue virus vaccines should induce antibodies that preferentially recognize epitopes exposed on the bumpy form of the virus.
host temperature | irreversible and conformational change | temperature dependence | cryo-EM D engue virus (DENV), together with other significant arthropod-borne human pathogens such as West Nile, yellow fever, and Japanese encephalitis viruses, belongs to the flavivirus genus of the Flaviviridae family of RNA viruses (1, 2) . The Flavivirus genus has been subdivided into the mosquito-borne viruses (e.g., dengue, yellow fever, and Japanese encephalitis), the tick-borne viruses, and those that do not use arthropod vectors (3) . The four related DENV serotypes are transmitted by the Aedes aegypti and Aedes albopictus mosquitoes. The absence of a coordinated and comprehensive mosquito abatement programs has contributed to the global spread of the mosquito vectors and human DENV infection. DENV now infects ∼230 million people worldwide each year, with an estimated 3.6 billion people living in areas of risk (4) . DENV infection can cause dengue fever, more severe dengue hemorrhagic fever (DHF), and life-threatening dengue shock syndrome (DSS) (5) . Secondary infection with a heterologous DENV serotype increases the risk of developing DHF and DSS. Currently, there are neither licensed vaccines nor effective antiviral drugs against DENV. Indeed, new approaches to vaccine development may be needed, as the most advanced tetravalent live-attenuated DENV vaccine candidate showed a poor 30% overall efficacy rate in a recently published phase 2b clinical trial (6, 7) .
DENV has an 11-kb, positive-sense RNA genome that encodes a capsid protein, a precursor membrane glycoprotein, an enveloped glycoprotein (E), and seven nonstructural proteins (8) . The X-ray crystallographic structure of the E protein (9) (10) (11) shows that it has three ectodomains (DI, DII, and DIII). Domain DII has a fusion loop at its distal tip and DIII has an Ig-like fold. The E ectodomain is anchored to the viral membrane by its C-terminal transmembrane region and its ∼50 amino acids amphipathic α-helical "stem" region (9, (12) (13) (14) .
The structure of mature DENV, propagated at ∼30°C, determined by combining cryoelectron microscopy (cryo-EM) of the whole virus (8, 15) with crystallography of the protein components (9) (10) (11) 16) shows 90 E dimers arranged in an icosahedral herringbone pattern forming a smooth viral surface with a diameter of about 500 Å (Fig. 1A) . Immature DENV (17) also is icosahedral but, in contrast to the mature DENV, has an external diameter of ∼600 Å and has a rougher surface with 60 spikes. Each of the spikes is a quasi-trimer formed by E and uncleaved precursor membrane (prM) proteins. Thus, the E protein switches among different oligomeric assemblies, from a trimer of prM-E heterodimers in immature virus, to a dimer in mature virus, and then to a trimer in the fusogenic state (18, 19) .
DENV enters mammalian cells by clathrin-dependent receptor-mediated endocytosis (20) . It is followed by fusion, which is triggered by low pH, between the viral membrane and the membrane of endosomes resulting in a release of the viral genome into the cytoplasm of the cell. A fusion mechanism between the viral and cellular membranes was proposed (21) , based on the pseudoatomic resolution structure of mature DENV at neutral pH (8) and the atomic structure of the E ectodomain postfusion trimer (18, 19) . This process requires reassociation of the E protein from being arranged as 90 dimers on the viral surface to the formation of a number of fusogenic trimers, possibly via an intermediate structure ( Fig. 1 B and C) that consists of E dimers surrounding patches of exposed membrane (8, 22) .
Several neutralizing monoclonal antibodies (MAbs) bind to epitopes that are not exposed on the mature smooth virion at room temperature (20°C) (23, 24) . A possible binding mechanism was proposed, based on the cryo-EM structure of the DENV Fab 1A1D-2 complex that had been incubated for 1 h at 37°C (23) , which assumed the virus was in constant thermal flux ("breathing") that at times exposed the epitope. It was hypothesized that some MAbs (e.g., 1A1D-2) are able to bind transiently to exposed temperature-dependent epitopes and then lock intermediate conformations in place. Indeed, studies with West Nile virus and DENV serotype 1 (DENV-1) defined a temperature dependence of neutralization by antibodies recognizing selected epitopes (25) . Alternatively, it is possible that the virus may acquire a different structure when incubated at 37°C as opposed to its smooth structure at room temperature.
Here, we use cryo-EM to analyze the structure of the mature DENV at 37°C, the physiological temperature of humans. Instead of being a smooth structure, DENV was observed in a "bumpy," expanded conformation when the temperature was increased above 33°C. Moreover, this expanded form of the virus was more efficient at infecting mammalian cells than the smooth form of the virus.
Results and Discussion
Transition Temperature for a Conformational Change of Mature Dengue Virus. To test the hypothesis that DENV might have a different structure when incubated at 37°C as opposed to its Data deposition: The electron density map of the bumpy DENV structure has been deposited in the Electron Microscopy Data Bank (EMDB ID code EMD-5587) and the corresponding fitted atomic coordinates have been deposited in the Protein Data Bank, www. pdb.org (PDB ID code 3J35). 1 To whom correspondence should be addressed. E-mail: mr@purdue.edu. structure at room temperature; cryo-EM images were taken of the virus propagated at 28°C, and subsequently incubated at 37°C for 30 min or longer. These particles were found to have a bumpy appearance with a maximum diameter of ∼550 Å ( Fig.  2A) , representing an increase of 10% in diameter over the structure of virions at room temperature. However, the viral particles, especially when incubated at 37°C for longer time periods, were much less homogeneous than at room temperature. Some of these particles appeared broken, deformed, of different sizes, or in aggregates ( Fig. 2A) , suggesting some instability of the bumpy DENV structure.
To determine the temperature at which DENV changes its conformation from a smooth to a bumpy form, smooth DENV particles were incubated at 28°C, 31°C, 33°C, 35°C, and 37°C for 1 h and then frozen on EM grids for cryo-EM examination. There may be a small error in determining the percentage of smooth to bumpy particles because smooth DENV preparations at neutral pH also contain about 3% of immature particles (26) . The immature neutral pH particles, like the 37°C mature particles, are "spiky," but the size of the spikes on the immature particles are larger and can be differentiated visually from the protrusions on the mature bumpy particles (Fig. 2B) . Most of the temperature-induced conformational change occurred between 31°C and 35°C. At 37°C, the human body temperature, 96% of the DENV particles had acquired the bumpy conformation (Fig.  3 ). The percentage of bumpy versus smooth particles did not change when particles that were incubated at 37°C were subsequently shifted to 4°C for 4 h, suggesting that the change in conformation was irreversible. In previous structural studies, DENV was propagated in mosquito cells at 28°C and purified at 4°C or room temperature. Thus, the virus had never been exposed to temperatures greater than 28°C, which yielded the smooth, herringbone conformation as the dominant mature form. To determine the 3D structure of the DENV bumpy conformation, cryo-EM images were collected of particles that had been warmed to between 35°C and 36°C. Higher temperatures were avoided because of an increased tendency of the purified virus to form aggregates. About 2,500 bumpy particles were boxed, of which 515 were of sufficient quality to be used in the final reconstruction. The resolution of the reconstruction was only ∼35 Å because of the lack of homogeneity of the bumpy particles. The reconstructed image had five arm-shaped densities radiating from the icosahedral fivefold axes toward the threefold axes (Fig. 4A) . Fitting of the E-dimer structure (9-11) into the cryo-EM density was performed in a way similar to what had been done to determine the structure of the smooth, room temperature form of the virus (8) . First, the E dimer axis was placed on the icosahedral twofold axis (the "twofold dimer") and then rotated and translated along the axis to obtain a best fit as determined by the EMfit program. Then, the E dimer was placed in a general position (the "general dimer") in the remaining uninterpreted density outside the membrane to initiate a six-dimensional rigid body search (Fig. 4 B and C and Table 1 ) (27) .
The structure of the bumpy, mature DENV particles is similar to the predicted fusion intermediate between the smooth, roomtemperature, mature DENV structure and a fusogenic form of the virus (compare Figs. 1B and 4C) (8) . The bumpy nature of these particles (Fig. 4A) is caused, in part by the general dimers being displaced radially outwards by ∼10 Å relative to the twofold dimers. The bumpy appearance also is caused by the exposure of the lipid bilayer, in the vicinity of the icosahedral threefold axes, where it is not covered by the E glycoproteins. The presence of exposed membrane is expected because of the 10% increase in the diameter of these particles compared with the smooth room temperature structure. The contact between E dimers in the bumpy virus structure is limited to contacts between DI of the twofold dimer with DIII of the general dimer and between DIII of the twofold dimer and DI of the general dimer (Fig. 4C) . In contrast to the smooth DENV structure, there is little contact between DII of the twofold dimer with DII of the general dimer.
The infectivity of the different forms of DENV was measured by plaque assays on mammalian BHK21 cells at an intermediate (28°C) temperature; this assay was possible because of the irreversible transition to the bumpy virus at 37°C. The purified virus was preincubated at 35°C or 4°C for 30 min to produce the bumpy or smooth virus, respectively (Materials and Methods), and then transitioned to 28°C for the assay. The number of plaques produced by the bumpy DENV particles was found to be 1.6 ± 0.3 fold greater than the number of plaques generated by smooth particles.
Structure of Immature Dengue Virus Is the Same at Room
Temperature and 37°C. Immature DENV at neutral pH was incubated at 37°C for 1 h and then examined by cryo-EM. A preliminary reconstruction was calculated from about 200 particles. By visual comparison, the low-pass filtered, 29-Å-resolution cryo-EM maps of the immature, virus at 37°C and at 4°C were indistinguishable (Fig. 5A) . Maturation of DENV at 28°C proceeds via a reversible step from the spiky immature form at neutral pH to a smoother virus at pH 6. However, proteolytic digestion of the prM protein by a cellular protease makes this process irreversible, culminating in the formation of mature virus when the cleaved pr peptide comes off at neutral pH in the extracellular space (28) (29) (30) . We have now shown (Fig. 5B) that, when the pH was shifted to 6.0, immature DENV particles at 37°C change their conformation in a manner similar to the way that immature virus at room temperature changes to smoother mature particles (30) . Thus, the maturation process that had been observed for DENV at room temperature (28, 30 ) also occurs at 37°C. It may be significant that the initial reversible conformational change during maturation is not altered by temperature, whereas the irreversible step of forming a fusogenic particle is temperature dependent.
Thirty-Seven-Degree-Celsius Bumpy Structure Represents Prefusion
Intermediate. The first pseudoatomic resolution model of a flavivirus was based on a low-resolution cryo-EM reconstruction of a small 280 Å diameter, recombinant T = 1 subviral particle of tick-borne encephalitis virus (TBEV) (31) . The cryo-EM map of these particles was interpreted by fitting it with 30 copies of the TBEV E glycoprotein dimer crystal structure (9) . The structure of mature virus was then predicted by extrapolating from the observed T = 1 structure to one with T = 3 quasi-symmetry (32), consistent with the observed 500-Å diameter of the mature DENV. The subsequent structure determination of the infectious, smooth DENV (8) was similarly based on fitting the crystal structure of the E dimer into a cryo-EM map of the virus. However, the actual structure of DENV was quite different compared with that predicted by Ferlenghi et al. (31) . Nevertheless, the predicted structure had several features that would have been expected, but were absent from the actual structure. These were (i) the predicted structure had 180 E monomers, each of which had quasi-similar environments that would be energetically preferred for assembly; (ii) the predicted structure had exposed areas of the viral membrane, a requirement essential for fusion with host cells; and (iii) the predicted structure contained trimeric associations of the E glycoprotein, a prerequisite for the formation of the observed trimeric postfusion trimers (18) . Another salient feature of the predicted structure was that a simple synchronized rotation of ∼60°of the two independent dimers that are associated with one icosahedral asymmetric unit would transform the predicted to the actual structure (Fig. 1B) .
For these reasons, it was suggested (8) that the flavivirus structure predicted by Ferlenghi et al. (31) might be an intermediate before the fusion process. This prediction was partially confirmed (22) in studies with West Nile virus using a neutralizing antibody (WNV E16) that was known to block fusion (33) . If indeed the structure that had been predicted to be Fig. 3 . Temperature titration. The ratio of bumpy particles to the total number of bumpy, smooth or deformed particles after incubating virus propagated at 28°C for 1 h at different temperatures. The error was estimated by three different people counting the different kinds of particles. About 100 particles were counted at each temperature. that of a mature virus were an intermediate on the pathway to forming a fusogenic form, then the bound E16 antibody should sterically block the completion of the transformation from the mature to the fusion intermediate structure. This expectation was confirmed when the pH of the WNV E16 antibody-West Nile virus complex was lowered to induce fusion. At pH 6.0, West Nile virus did not aggregate and the ectodomains of E proteins detached from the viral membrane, and thus the diameter of the particles increased (22) .
Here, we show that, the bumpy structure of the mature DENV is similar to the previously predicted fusogenic intermediate (compare Figs. 1B and 4C) . Therefore, the bumpy structure has all of the qualities (see points i, ii, and iii above) expected for a fully functional infectious virus. This finding is consistent with the enhanced infectivity of the bumpy particles for mammalian cells compared with the smooth particles (see above).
Given that DENV changes to a bumpy structure when its temperature exceeds about 33°C, it seems reasonable to anticipate that nearly all mature dengue virions in the human body have bumpy structures. Therefore, DENV changes to what is probably a fusogenic intermediate structure, even before interacting with a human cell. In contrast, the mosquito cells might be infected by both the smooth and bumpy forms of the virus. The formation of the bumpy form in the mosquito may be induced by other factors such as pH changes (34) or receptor binding. Thus, the mechanism of infection is probably similar in mosquitos and mammals. The E proteins in the bumpy structure are more accessible for receptor binding and fusion. Furthermore, there are areas of exposed membrane in the bumpy structure similar to that of the predicted fusion intermediate (8) . Therefore, the higher infectivity of the bumpy particles over the smooth particles is probably due to the arrangement of the E glycoprotein.
The cryo-EM reconstruction of the bumpy particles was limited to only 35-Å resolution, presumably because of the variability of the particles. The lack of homogeneity may be due to the lack of contacts between E dimers allowing random changes in the hinge angles between domains. Thus, the bumpy particles are more flexible than the smooth particles and therefore may be more capable of finding suitable cellular receptors. In an earlier publication (23), we had suggested that the flexibility of the virus might be the basis of a "breathing" or an oscillatory simple harmonic motion of the virus, amplified at 37°C, which could be blocked by the insertion of an antibody. However, the formation of the bumpy form is irreversible, and thus the virus cannot breathe to an extent that it would oscillate between the smooth and bumpy forms. Hence, the earlier interpretation needs revision in terms of there being at least two distinct states of the mature virus separated by a temperature difference. Nevertheless, breathing with a smaller amplitude is likely to occur for both smooth and bumpy forms. The greater tendency for the virions to aggregate as the temperature is increased above 35°C also is an indication that the higher temperature drives the virus ever closer to fusion.
The work reported here on the life cycle of DENV shows a remarkable adaptation of the virus to the different environments of humans at 37°C and mosquitoes at ambient temperature. It would seem likely that other flaviviruses, such as West Nile virus, have made similar adaptations. The structure of West Nile virus, when propagated at 37°C in Vero cells, is smooth and essentially identical to the smooth DENV form (33) . Perching birds and song birds (Passeriformes) provide a major animal reservoir for West Nile virus, with the Culex mosquito species acting as the arthropod vectors. The body temperature of perching birds is 43°C. Although further study is warranted, it is possible that West Nile virus might have a conformational transition at a temperature between 37°C and 43°C. Indeed an anti-West Nile human antibody binds across the boundary of two neighboring E dimers of the smooth virus (35) , confirming that West Nile virus has a smooth structure at 37°C. However, further investigation is required to determine whether human antibodies (36) and the human cell surface molecule DCSIGN (37) , which bind across the boundary of two neighboring E dimers in the smooth structure, also can bind to the bumpy form of DENV.
The DENV temperature transition profile suggests that the bumpy conformation of DENV is the predominant form in humans at 37°C. A corollary to this observation is that an optimal humoral response generated by DENV vaccine candidates for humans should induce antibodies that bind to and neutralize the bumpy form of the virus. Moreover, this work has implications for whether the smooth or bumpy virus should be used for vaccine design and how neutralizing assays against DENV should be conducted. The change in dengue virus structure at temperatures above 33°C should be considered, given the poor correlation between neutralizing antibody titers and protection that was observed in the recent phase 2b DENV vaccine trial (7). 
Materials and Methods
Virus Propagation. DENV2 strain 16681 was propagated in monolayers of mosquito C6/36 cells at 28°C and 5% (vol/vol) CO 2 . Mature DENV was purified as described by Kuhn et al. (8) . The immature DENV was obtained as described by Zhang et al. (38) and Yu et al. (30) . The buffer used for purification was 120 mM NaCl, 20 mM Tris·HCl, and 1 mM EDTA (NTE), adjusted to a pH of 8.0 at room temperature. The pH was monitored during the 1-h 37°C incubation and found to be 7.6.
Sample Preparation and Data Collection at Different Temperatures. Purified mature and immature DENV particles were incubated at different temperatures for 30 min before they were transferred to the TEM grids for plunge freezing. Mature DENV was incubated with different antibodies at 4°C and 37°C for 2 h. These samples were placed on an ultra-thin carbon film (<3 nm) supported by a thicker holey carbon film on copper grids (Ted Pella, product no. 01824). Grids were blotted for ∼6 s before plunging into ethane at ∼100 K using a homemade plunging device placed in a biological safety hood. Cryo-EM images were collected on Kodak films (Kodak Electron Image Film SO-163) using CM200 FEI electron microscope operated at 200 kV with a total dose ∼20 electrons per Å 2 . Films were recorded using a magnification of 38,000 and digitized with a Nikon scanner (Super Coolscan9000) using a step size of 6.35 μm. The final calibrated pixel size of images was 1.66 Å.
Three-Dimensional Reconstruction. The viral particle images were boxed using the program e2boxer.py (EMAN2) (39) . To calculate the spherical averaged map for different samples, the boxed particles were translational aligned by the program cenalignint (EMAN) (40) and spherically averaged. The contrast transfer function was determined by the ctfit program (EMAN) and was corrected by flipping the phase. The initial models for mature and immature DENV at 37°C were created by combining the images with the best twofold, threefold, and fivefold symmetries using the starticos program (EMAN). The initial structure was then refined using the EMAN software package. To validate the structure of the bumpy mature DENV, another reconstruction was initiated by using the smooth mature DENV structure after low-pass filtering to 20-Å resolution. After 20-30 iterations, the structure from both the initial models had converged to about the same structure. The final reconstruction, starting with the initial model created by starticos, contained 515 particles selected from a total of 2,500 particles boxed from 168 films. The resultant resolution was only 35 Å because of bad homogeneity of the bumpy mature DENV particles.
Plaque Assay. The plaque assays were performed as described (41) . Three different dilutions (separated by factors of 10) of purified virus were spread onto monolayers of BHK15 cells at 28°C for 2 h to initiate binding to cells. After adding agar, the cells were maintained at 28°C for 1 wk before counting plaques. This experiment was repeated three times. For plaque counting, the cells were fixed and stained with 0.1% (gm/ml) Crystal violet in 20% (vol/vol) ethanol.
